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Modelling leaf shape is a helpful tool for designing optimal plant shape and visualizing plant growth. The
objectives of this studywere to characterize the changes in patterns of leaf growth characteristics during
plant development, and to model the changes in morphology of the different leaves of the rice (Oryza
sativa L.) plant. In four experiments, time course observations were made on length and width of the
leaves on the main stem and tillers of rice plants grown under different experimental conditions. Three
experiments provided the data for developing a model. The results show that the expansion process of a
single leaf on the main stem and tillers against growing degree days (GDD) followed a slow–rapid–slow
pattern that was described well by a logistic function. The changes in ﬁnal length of the regular leaves
positioned on the main stem were described by a quadratic function that differed from the function
for the ﬂag leaf. Final leaf length on the tillers followed the ratio of the length of the simultaneously
expanding leaves on the tiller to the length of the corresponding leaves on themain stem. The changes in
leaf widthwith leaf length in relation to GDD for a single leaf on themain stem and tillers were described
by a quadratic function. The general relationships between ﬁnal leaf length and ﬁnal leaf width for the
ﬁrst fully expanded leaves and the ﬂag leaves on themain stem and tillers were described by exponential
functions, whereas for the other leaves quadratic functionswere needed. The effects of nitrogen level and
water regime on leaf growth were quantiﬁed by using leaf-nitrogen and leaf-water contents. The model,
which was validated with the independent data from the fourth experiment, predicted the time course
morphological changes of leaves on the main stem and tillers of rice grown with different nitrogen and
water levels well. The results of this study can lead to a more accurate description of the rice leaf in a 3D
space by integrating the model with the morphogenesis models of sheath, internode and panicle within
the framework of plant topology. In addition, the present leaf architecture model may be combined with
a leaf emergence model and a leaf curvature model for digital representation of light interception and
f cano
y Elseutilization within the lea
© 2009 Published b
. Introduction
Leaves are the main photosynthetic organs that in combina-
ion with the distinct characteristics of plant shape have a marked
mpact on light energy utilization. Modelling the morphology of
eaves is helpful for designing optimal plant shape and visualizing
lant growth.
The study of plant morphology modelling can be traced back
o the 1960s. In 1962, Ulam [1] built an abstract model of a plant
ranch. Next, Cohen [2] simulated the plantmorphology formation
rocess in a continuous space using amore practicalmodel. Linder-
ayer [3] suggested a general framework (L-system) for simulating
lant structure. Furthermore, Mandelbort [4] proposed the fractal
onception, which made it possible to simulate plant morphology
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in a computer system. Since then, the simulation of the morphol-
ogy of plants and plant organs has developed rapidly and several
systems were constructed for visual display of plant architecture,
such as the AMAP system by de Reffye [5], and the Vlab system
by Prusinkiewicz [6]. Overall, the studies from before the 1990s
mainly focused on exploration of plant growth rules, reconstruc-
tion of plants in a 3D space, and dynamic expression at ﬁxed time
steps. Since the last decade, many studies have attempted to sim-
ulate the dynamics of crop morphological structures, based on the
L-system and fractal theory. These studies were done with kidney
bean [7], maize [8–10], cotton [11], barley [12], and sorghum [13].
Theymainly simulated thebasic architectureof cropplants through
analysing the fractal characteristics of crop organs and using rules
of the L-system, but hardly described the dynamics of geometrical
characteristics during organ formation processes.
In recent years, using the fractal theory model and the 3D tech-
nique model, Liu et al. [14] studied 3D space reconstruction of the
shape of rice plants. Some researchers simulated the stem growth
rules of wheat [15], leaf spatial structure and plant shape of wheat
erlands Society for Agricultural Sciences.
7 ourna
[
m
c
r
s
u
a
t
b
[
i
o
i
t
t
t
d
s
v
e
a
d
s
o
b
t
s
m
t
t
s
c
l
t
a
c
k
t
l
t
o
l
t
f
f
p
2
2
a
l
e
t
i
1
w
s
ﬁ
M
tivar, climate condition, nitrogen rate and water regime on leaf
morphology, and by integrating data available from literature, the
models of leaf shape were developed. Next, the parameters of the4 Y. Zhu et al. / NJAS - Wageningen J
16], rice plant shape [17,18], and leaf azimuth distribution in
aize [19]. These studies largely addressed the crop growth pro-
esses under optimal growing conditionswith emphasis on growth
ules and structure of crop shape and its reconstruction in a 3D
pace. However, the topological structure of plants and the contin-
ous changes in organ shape during crop growth have been rarely
ddressed. Likewise, the dynamic inﬂuences of environmental fac-
ors and cropping techniques on crop shape and structure have not
een quantiﬁed sufﬁciently.
For the mechanism of crop-structure changes, De Reffye et al.
20] simulated the structure of the cotton plant in response tomain
nput factors. Recently, CIRADhasmadegreat progress in thedevel-
pment of a mechanistic plant growth model, which was included
n the software of AMAP (Botany and computational plant architec-
ure). Zhao et al. [21] proposed a dual-scale automationmodel, and
hen developed the plant model GreenLab and established a vir-
ual plant growth and visualization system. Hanan and Hearn [22]
emonstrated the feasibility of linking an architectural model that
imulates the morphogenesis and resultant architecture of indi-
idual cotton plants with a physiological model that simulates the
ffects of environmental factors on critical physiological processes
nd resulting yield in cotton. Wang et al. [23] simulated the spatial
istribution of radiation in the upper layers of a maize crop. These
tudies have built preliminary models of virtual structures based
n relationships between structure and function of crop growth,
y combining morphogenesis models and mechanism models and
hen deducing the geometrical parameters of organs. Since only
peciﬁc cultivar and growth conditionswere involved, these virtual
odels can normally not be extrapolated or applied to other condi-
ions. Furthermore, most of the existing models have been limited
o single-stem crops, whereas multi-tiller crops such as rice are
eldom involved. Little work has been done to reveal the dynamic
haracteristics of leaf expansion processes so that differences in
eaf growth processes at different times and at different leaf posi-
ions are yet to be elucidated. Since rice, as a small cereal crop, has
complex and diverse leaf shape, a quantitative description of the
haracteristics of leaf shape changes is difﬁcult, although it is of
ey importance for dynamic simulation and virtual expression of
he growth of rice plants.
The objectives of this study were to characterize the changes in
eaf growth characteristics during plant development and tomodel
hemorphology of the different leaves of the rice plant on the basis
f time course observations and analyses of the dynamics of leaf
ength and leaf width at different leaf positions on main stem and
illers at different nitrogen levels and water regimes, and for dif-
erent cultivars. The expected results were to lay a foundation for
urther research on virtual expression of leaf growth on the rice
lant using a comprehensive simulation system.
. Materials and methods
.1. Experimental design
Four experiments (Exp.)were laid out for collecting data to build
nd test the model, involving different years, nitrogen application
evels, water regimes, and cultivars of rice (Oryza sativa L.). The
xperiments were carried out in 2005 at the ﬁeld experiment sta-
ion of Nanjing Agricultural University, China (118◦50′E, 32◦02′N).
Exp. 1: different nitrogen rates and a single cultivar. In this exper-
ment, the effect of four nitrogen levels was investigated: 0, 82,
65 and 247kgNha−1, using urea as N-fertilizer. The fertilizer
as split-applied: 50% prior to transplanting, 20% when tillering
tarted, 20% at spikelet initiation, and 10% at the onset of grain
lling. The japonica rice cultivar Wuxiangjing 14 was sown on 20
ay and transplanted on 20 June at a spacing of 16.6 cm×20 cm,l of Life Sciences 57 (2009) 73–81
one seedling per hill. All treatments received a basal dressing
of monocalcium phosphate and potassium chloride at rates of
82kgP2O5 ha−1 and 165kgK2Oha−1, respectively. The experiment
was of the randomized complete block design with three replica-
tions, and a plot size of 12m2. The ridges around the plots were
coveredwith plastic foil and each plotwas irrigated independently.
Other ﬁeld management followed local practices for high-yielding
rice.
Exp. 2: different water regimes and a single cultivar. This exper-
iment was conducted in concrete soil-ﬁlled ponds in which four
water regimes were established: 70%, 80%, 90%, and 100% of soil
water capacity. These regimes were maintained from transplant-
ing until maturity by measuring and adjusting soil water contents
every other day. The experiment was of the randomized complete
block design with three replications, and a plot size of 1m2. The
transplanted rice was spaced at 13.6 cm×20 cm, one seedling per
hill. Urea was applied at a rate of 165kgNha−1; crop management
was the same as in Exp. 1.
Exp. 3: different cultivars. This experimentwas conducted simul-
taneously with Exp. 2 and included four japonica rice cultivars
grown in similar concrete soil-ﬁlled ponds. The four cultivars were
Wuxiangjing 14 andNipponbare (bothwith erect leaves), andNan-
jing 16 and Yangdao 6 (both with droopy leaves). Urea was applied
at a rate of 165kgNha−1, and crop management was the same as
in Exp. 1.
Exp. 4: different nitrogen rates and water regimes. The treatments
consisted of factorial combinations of nitrogen rates and water
regimes applied in similar concrete ponds as used in the previ-
ous two experiments. The nitrogen rates were 0, 82, 165, and
247kgNha−1 applied as urea, and thewater regimes 90% and 100%
of soil water capacity. Cultivar and crop management were the
same as in Exp. 2.
2.2. Measurements of leaf morphology
To study the dynamics of leaf growth, three replicate plants per
plot were used for measuring length and width of all individual
leaves onbothmain stems and tillers. Normally, recordswere taken
at 2-day intervals, but during rapid growth, such as in the jointing
stage,measurementswere takendaily. Leaf lengthwasmeasuredas
the distance from leaf tip to leaf base, and leaf widthwasmeasured
every 2 cm along the lamina, starting from the tip of the leaf. In case
of a partially expanded leaf, only the width of the expanded part
was measured.
During the whole growth period, air temperature was recorded
daily at 30-min intervals, using a recorder (ZDR-11, made at Zhe-
jiang University of China). The datawere downloaded everymonth
and used for calculating growing degree days (GDD, ◦Cd) as a basic
driving factor of leaf growth in rice.
2.3. Data analysis, model development and validation2
The data from Exps. 1–3were used for building themodel. First,
the differences in leaf morphology were analysed among the rice
cultivars, nitrogen rates and water regimes. Second, the data were
ﬁtted to select the optimal equations for describing the leaf shape
dynamics. Then, by comprehensively studying the effects of cul-model were determined using the data from Exps. 1–3. Finally, the
data from Exp. 4 were used to test the model. The goodness of ﬁt
2 For the abbreviations of the variables and their meanings see Appendix A.
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etween the simulated and observed values was veriﬁed with the
oot mean square error (RMSE). The lower the RMSE value the
etter the ﬁt and the greater the model’s reliability. RMSE was
alculated using the following equation:
MSE =
√∑n
i=1(OBSi − SIMi)
2
n
(1)
here OBSi and SIMi are observed and simulated values, respec-
ively, and n is the number of samples.
. Results
.1. Leaf expansion on the main stem
The results of this study and of Shi et al. [18] indicate that the
xpansion process of a single leaf on the main stem of the rice
lant exhibits a slow–rapid–slowpattern thatﬁts a logistic function
ell (Fig. 1). So the expansion process of leaves on the main stem
f the rice plant can be described quantitatively by the following
quation:
Ln(GDD) = LLn1 + La × e−Lb×(GDD−IGDDn)/GDDn × min(FN, FW)
(main stem) (2)
here GDD (◦Cd) is the number of growing degree days since leaf
mergence calculated with Eq. (3); LLn(GDD) (cm) the length of
eaf n on the main stem at GDD; LLn (cm) the ﬁnal length of fully
xpanded leaf n, described by Eq. (6); La and Lb the equation coefﬁ-
ients, which were set to 8.65 and 6.26, respectively, following our
est analyses; IGDDn (◦Cd) the initial number of GDD when leaf n
egins to grow, as calculated by Eq. (4); GDDn (◦Cd) the number
ig. 1. Changes in leaf length on themain stem, primary and secondary tillers with cumul
ig. 2. Changes in ﬁnal leaf length with leaf position for different cultivars (A), different n
nd 247.0 kgNha−1, respectively; W1, W2, W3 and W4: 70%, 80%, 90% and 100% of ﬁeld cl of Life Sciences 57 (2009) 73–81 75
of GDD required for completing normal growth of leaf n, derived
from Eq. (5); FN and FW factors accounting for nitrogen and water
effects, respectively, as described by Eqs. (7)–(9).
GDD =
∑
(Ti − Tb) (3)
where Ti is the average daily temperature (◦C), and Tb the base
temperature (◦C) for growth, which was set to 10 ◦C for japonica
rice and 12 ◦C for indica rice [24].
According to Jiang et al. [25] it takes 1.5 leaf numbers for a rice
leaf to complete expansion. Thus the relationship between leaf age
(LA) and GDD can be expressed by LA=a×GDDb, where a and b are
the equation coefﬁcients, which following our studies were set to
0.015 and 0.935, respectively. Also, according to the synchronous
growth rule in rice, sheath n−1 and internode n−2 begin to elon-
gate when leaf n emerges.
IGDDn =
(
n
a
)1/b
− kl × GDDn (4)
GDDn =
(
n + 1.5
a
)1/b
−
(
n
a
)1/b
(5)
In Eq. (4), kl is a coefﬁcient that differs with cultivar, but that
following our studies was set to 0.01.
The changes in ﬁnal length of leaves with different positions
on the main stem was described by a non-linear function (Fig. 2),
formulated as follows:{
(a × n2 + b × n + c ) × FLCV + LCV 1 ≤ n < (LN − N + 1)
LLn = 1 1 1(a2 × n2 + b2 × n + c2)×FLCV + LCV (LN−N + 1) ≤ n ≤ LN
(6)
where a1,b1, c1, a2,b2, and c2 are equation coefﬁcients set to 0.0008,
0.0677, 0.0241, −0.0296, 0.7592, and 3.8876, respectively, follow-
ative GDD after leaf emergence for cultivarsWuxiangjing 14 (A) and Yangdao 6 (B).
itrogen rates (B) and different water regimes (C). N1, N2, N3 and N4: 0, 82.5, 164.7
apacity, respectively.
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ng our experiments. FLCV is the change coefﬁcient of ﬁnal leaf
ength, deﬁned as the variation in length of the longest leaf on dif-
erent plants. FLCV differs with cultivars, and is 74.4 for the cultivar
angdao 6 (Fig. 2A). LCV is the change coefﬁcient of leaf length,
eﬁned as the variation in length of the leaves at the same leaf posi-
ion of different plants; LCV differswith cultivars. LN is the ﬁnal leaf
umber, which is derived from the rice growthmodel [26]. N is the
umber of elongated internodes on the main stem, which also is a
ultivar-speciﬁc parameter.
The leaf-nitrogen content can be regarded as the physiologi-
al index reﬂecting the plant nitrogen status. Leaf length increased
ith enhanced leaf-nitrogen content (Fig. 2B),whichwasdescribed
y a non-linear function. Thus, the nitrogen effectiveness factor for
eaf growth, FN, was calculated as follows:
N =
{
1 − Nla × (ANCL − ONCL)2 0 < ANCL < ONCL
1 ANCL ≥ ONCL (7)
here NLa is an equation coefﬁcient set to 0.0016 following our
tudies; ANCL the actual leaf-nitrogen content, which is derived
rom the growth model with nitrogen module [27]; and ONCL the
ptimum leaf-nitrogen content for rice. Further analysis indicated
hat ONCL, a cultivar-speciﬁc parameter, changed with cultivar
ype; inour study itwas set to3.15% forWuxiangjing14. Inaddition,
NCL changed during growth, declining gradually from seedling to
aturity stage. This change is described by the exponential Eq. (8):
NCL = Nlb × eNlc×GDD (8)
here Nlb and Nlc are equation coefﬁcients set to 3.87 and −0.118,
espectively, followingour studies, andGDD is thenumber of grow-
ng degree days since leaf emergence.
The leaf-water content is a major indicator of plant water sta-
us and has a signiﬁcant impact on leaf growth in rice. Leaf length
ended to increase with leaf-water content (Fig. 2C) so that the
ater deﬁcit factor, FW,was calculatedwith the following equation
q. (9) as:
W =
⎧⎨
⎩ 1 − Wla ×
(
AWCL − LWwp
OWCL − LWwp
)2
0 < AWCL < OWCL
1 AWCL ≥ OWCL
(9)
here Wla is an equation coefﬁcient set to 0.001 following our
tudies; AWCL the actual leaf-water content, which was obtained
rom the rice growth model with water module [28]; LWwp leaf-
ater content when the leaf begins to wilt, and OWCL optimum
ater content of the leaf, which in our study averaged 30% and
0%, respectively.
ig. 3. Ratio of the length of a leaf on the main stem to the length of the synchronously e
econdary tiller to the primary tiller for cultivar Nanjing 16 (B).l of Life Sciences 57 (2009) 73–81
3.2. Leaf expansion on tillers
Like for the leaves on the main stem, expansion of the leaves on
primary and secondary tillers was described by a logistic function
(Fig. 1). If La and Lb in Eq. (2) were set to respectively 6.15 and
6.86 for primary tillers and to 6.65 and 6.12 for secondary tillers, as
determined in our experiments, the leaf growth on the tillers was
simulated in a way similar to that on the main stem.
Moreover, leaf expansion on tillers and main stem followed the
rule of synchronous expansion. That is, the 1st leaf on tiller N−3
and the 2nd leaf on tiller N−4 expanded simultaneously with leaf
N on themain stem [25]. We also found that the ratio of leaf length
onprimary tillers to leaf length on themain stem for synchronously
formed leaves increased gradually with the order in which the
tillers are formed and that this ratio varies with cultivar (Fig. 3).
The ratio of leaf length on primary tillers to leaf length on the
main stem also gradually increased with leaf number on the tillers
(Fig. 3A). This ratio reached amaximum of 1 when the leaf number
reacheda certain value, i.e.,when leaf lengthon the tillerwasnearly
equivalent to the length of the synchronously formed leaf on the
main stem. A similar pattern was found between tillers of other
orders and among other cultivars (Fig. 3B). Final leaf length within
a leaf layer of tillers in rice was thus described by the following
equation:
TLLn
SELLn
=
{
1 − TLa × (TLn − TLmax)2 TLn < TLmax
1 TLn ≥ TLmax
(10)
where SELLn is the ﬁnal length of a fully expanded synchronously
formed leaf on the main stem; TLLn the ﬁnal length of a fully
expanded synchronously formed leaf on the tiller; TLn the leaf order
of tiller emergence; TLmax the leaf order of tiller emergence with
the synchronous leaf length on the tiller equal to that onmain stem,
which varied between 7 and 12 for primary tillers and between 6
and9 for secondary tillers, dependingoncultivar; TLa is anequation
coefﬁcient slightlydifferingwithcultivars, andaveraging0.0001 for
primary and secondary tillers, following our study.
3.3. Maximum width of leaves on the main stem
Our study and the study of Ling [29] suggest that potential leaf
width is already ﬁxed when the rice leaf starts expanding. Yet, our
data further reveal that maximum width of a fully expanded leaf
changes with leaf position on the main stem, and which differs
among cultivars (Fig. 4A).
The results also showthat themaximumwidthof fullyexpanded
leaves at different positions on the main stem was not affected by
nitrogen rate or water regime (Fig. 4B and C). Thus, the maximum
width of a fully expanded leaf on the main stem can be quantiﬁed
xpanded leaf on the primary tiller for cultivar Wuxiangjing 14 (A) and that on the
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s follows:
Wn(GDD) = LWn = Wa × n2 + Wb × n + Wc (11)
heren is leaf position; LWn themaximumwidthof fully expanded
eaf n; Wa, Wb and Wc equation coefﬁcients that following our
xperiments were set to −0.0042, 0.2194 and 0.0341.
.4. Changes in leaf width with leaf length
Leaf shape is deﬁned as the change in leaf width along the leaf
lade fromtip tobase.During leaf growth, the changes in leaf length
ere greater than the changes in leaf width. Although during leaf
rowth leaf length and leaf width differed with leaf position, the
hanges in leaf width with leaf length were consistent for leaves at
ifferent positions that had attained their ﬁnal length (Fig. 5). For
he modelling, ﬁnal leaf width and length were normalized. The
ormalized ﬁnal leaf width (or leaf length) was calculated as the
atio of thedifferencebetweenmaximum leafwidth (or leaf length)
nd minimum width (or length) at different leaf positions and the
ifference betweenmaximumandminimumwidth (or length), i.e.,
x−min)/(max−min). The pattern of the morphology for the ﬁrst
ully expanded leaf and the ﬂag leaf was markedly different from
hat of the other leaves (Fig. 6).
During the process of leaf shape growth, the changes in maxi-
um width with the length of leaves at different positions on the
ain stem were described by a quadratic function (Fig. 7A), and
Fig. 5. Dynamics of leaf shape for a single leaf (A) and ﬁnal leaf shape at diffethe main stem for different cultivars (A), different nitrogen rates (B) and different
1, W2, W3 and W4: 70%, 80%, 90% and 100% of ﬁeld capacity, respectively.
quantiﬁed as follows:
LWidn(LLn(GDD)) = WPa × LLn(GDD)2 + WPb × LLn(GDD) + Wpc
(12)
where LWidn(LLn(GDD)) is the maximum leaf width of leaf n when
its length is LLn(GDD); LLn(GDD) the length of leafn at GDD, derived
from Eq. (2); WPa, WPb and WPc the equation coefﬁcients deter-
mined in our studies as −0.00063, 0.066 and 0.232, respectively.
Fig. 7B presents the dynamic relationship between ﬁnal leaf
width and leaf length, which varied with the distance from the leaf
tip of fully expanded leaves, with leaf position and with cultivar.
Finalwidth increasedwithﬁnal length of fully expanded leaves, but
the rate of increase declinedwith leaf order. In addition, the change
patternof theﬂag leafdiffered fromthatof theother leaves, because
after the jointing stage ﬁnal leaf length shortened markedly while
ﬁnal leaf width still increased. Final leaf width on the main stem
of the different cultivars was described by an exponential function
for the ﬁrst fully expanded leaf and the ﬂag leaf, and by a quadratic
function for the other leaves, as follows:
LWidn(LLen) =
{
P × LLenWLR n = 1 or LN
WPd × LLen2 + WPe × LLen 2 ≤ n ≤ LN − 1(13)
where LWidn(LLen) is the ﬁnal leaf width at distance LLen from
tip to base of fully expanded leaf n; LLen the varied leaf length
from tip to base, ranging from 0 to LLn; LLn ﬁnal length of fully
rent leaf positions (L) on the main stem (B) of cultivar Wuxiangjing 14.
78 Y. Zhu et al. / NJAS - Wageningen Journal of Life Sciences 57 (2009) 73–81
Fig. 6. Characterization of normalized ﬁnal leaf shape of individual leaves at different leaf positions (L) on themain stemof cultivarWuxiangjing 14 (A: the ﬁrst fully expanded
leaf and the ﬂag leaf; B: other leaves).
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sig. 7. Changes in maximum leaf width with leaf length for a single leaf on the ma
engths at different positions on the main stem for different rice cultivars (B; solid l
xpanded leaf n; P an equation coefﬁcient set to 0.28 at n=1 and
.27 at n= LN; WLR the ratio of maximum leaf width to its corre-
ponding leaf length for the ﬁrst fully expanded leaf as in Eq. (14),
n which FL is leaf length at maximum leaf width of the ﬁrst fully
xpanded leaf. The ratio of FL to the largest leaf length was simi-
ar for the different cultivars and thus set tot 0.7. The WLR value
as set to 0.38 at n=1 and to 0.46 at n= LN, as established in our
xperiments.
LR = FLWid
FL
, n = 1 (14)
In addition, WPd and WPe in Eq. (13) are the equation coefﬁ-
ients derived from Eqs. (15) and (16) from our study, where LWn
s the ﬁnal width of leaf n derived from Eq. (11).
Pd = LWn
−0.23 × LLn2
(15)
Pe = LWn
0.213 × LLn (16).5. Model validation
The submodels of leaf length, leaf width and leaf shape were
alidated with the independent datasets from Exp. 4. The results
how a high consistency and close agreement between simulatedm of cultivar Yangdao 6 at different GDD (A), and ﬁnal width of leaves of different
ag leaf; dotted line: other leaves).
andobservedvalues. Theobservedandsimulated leaf lengthsatdif-
ferent leaf positions on main stem and tillers at different numbers
of GDDwere close to the 1:1 line (Fig. 8). Although leaf length at dif-
ferent leaf positions at different GDD greatly varied with nitrogen
rates, the leaf length model accurately simulated the time course
changes in the dynamics of leaf length. The RMSE values for the
relation between leaf length and GDD were 0.75 and 0.96 cm for
main stem and tillers, respectively.
Also the observed and simulated data for ﬁnal leaf length at
different leaf positions on main stem and tillers agreed closely
(Fig. 9). Overall, the predictability of the present model in esti-
mating the changes in ﬁnal leaf length at different leaf positions
on the main stem and tillers was good. The RMSE values for
ﬁnal leaf length on main stem and tillers were 0.82 and 0.88 cm,
respectively.
The simulated ﬁnal leaf widths were reasonably close to the
observed ones for leaves of different ﬁnal lengths at different leaf
positions on main stem and tillers under different nitrogen rates
and water regimes (Fig. 10). Although ﬁnal leaf widths at different
leaf positions on main stem and tillers did not differ much under
different nitrogen rates and water regimes, they varied consider-
ablywith leaf length. Thepresentmodel predicted this patternwell,
with RMSE values of 0.71 and 0.79 cm for leaves varying in length
on main stem and tillers, respectively.
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Fig. 8. Simulated versus observed length of leaves at different leaf positions on the main stem (A) and on tillers (B) at different GDD, with different nitrogen rates and water
regimes. N1, N2, N3 and N4: 0, 82.5, 164.7 and 247.0 kgNha−1, respectively; W1 and W2: 90% and 100% of ﬁeld capacity, respectively. **p<0.01.
Fig. 9. Simulated versus observed ﬁnal length of leaves at different leaf positions on the main stem (A) and tillers (B) with different nitrogen rates and water regimes. N1,
N2, N3 and N4: 0, 82.5, 164.7 and 247.0 kgNha−1, respectively; W1 and W2: 90% and 100% of ﬁeld capacity, respectively. **p<0.01.
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wig. 10. Simulated versus observed ﬁnal width of leaves of different length and at
nd different water regimes. N1, N2, N3 and N4: 0, 82.5, 164.7 and 247.0 kgNha−1,
. Discussion
A process-based simulationmodel was developed for the quan-
itative description of the growth dynamics of rice leaves. To this
nd the changes in leaf shape (leaf length and leafwidth)were ana-
ysed for leaves on main stem and tillers of plants from different
ultivars growing with different nitrogen rates and under different
ater regimes. The model, which was validated with independent
xperimental data, predicted realistically the changes over time in
ength and width of leaves on main stem and tillers of rice grown
ith different nitrogen rates and different water levels. This modelnt leaf positions on the main stem (A) and tillers (B) with different nitrogen rates
ctively; W1 and W2: 90% and 100% of ﬁeld capacity, respectively. **p<0.01.
should lay a reliable foundation for describing the rice leaf in a 3D
space by integrating it with the morphogenesis models of sheath,
internode and panicle within the framework of plant topology. In
addition, the present leaf architecture model may be combined
with a leaf emergence model and a leaf curvature model for digital
representation of light interception and utilization within the leaf
canopy of rice.
Since the morphological characteristics of small cereal plants
are complex and difﬁcult to obtain, previous studies have mainly
focused on staticmodels ormodels for a given set of conditions, and
thus hardly involved dynamic simulation to quantify the dynamics
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f leaf shape formation. In this study, we developed a simulation
odel by observing and analysing the time course leaf morpho-
ogical characteristics, and the dynamic relationships of length and
idth of synchronously expanding leaves onmain stem and tillers.
he detailed experimental data provide a comprehensive descrip-
ion of leaf growth dynamics at different leaf positionswith limited
eometrical parameters. In ourmodel, the changes in leaf length on
he main stem and tillers were described by a logistic function, the
hanges in ﬁnal leaf length at different leaf positions on the main
tem with a quadratic one, and those on the tillers – via the ratio
f the simultaneously expanded leaves on the main stem to those
n the tiller – and the ﬁnal maximum leaf width at a single leaf
osition with a quadratic function. This algorithm embodied the
ynchronously expanding relationship between themain stem and
illers in rice well. In addition, ﬁnal leaf shape (leaf width change
long the length of a leaf blade) was described by an exponential
unction for the ﬁrst fully expanded leaf and the ﬂag leaf, and with
quadratic equation for the other leaves. Furthermore, when leaf
hape was normalized according to the consistent change of leaf
idth with leaf length, this exactly reﬂected the leaf shape change
attern and thus described the leaf shape formation process in rice
ell. So the present model exhibits a good interpretability for bio-
ogical patterns and dynamic processes of leaf shape formation in
ice.
Cultivar differences and environmental conditions markedly
ffect leaf growth in rice [30]. In earlier studies, the leaf models
f rice were essentially limited to suitable cultural conditions and
co-environments [17]. Yet, a successful rice growthmodel should
ot only describe the biological processes under normal growing
onditions, but should also forecast the responses of rice growth
nder diverse environmental factors and for different cultivars.
herefore, the present study quantiﬁed the effects of leaf-nitrogen
nd leaf-water contents as well as cultivar parameters on the leaf
rowth dynamics. The modelling system was capable of predict-
ng the leaf shape changes under different growing conditions. The
resent study also indicated that the leaf change patterns from the
rst fully expanded leaf on the main stem up to the ﬂag leaf could
e described by similar simpliﬁed functions. Therefore, the present
eaf morphology model has closely followed the morphological
nd eco-physiological relations of organ geometrical properties
nder different environments and for different cultivars, provid-
ng a reliable and general tool for simulating leaf growth on rice
tems.
Further research is needed to quantify the effects of cultivar
n ﬁnal leaf width on the main stem, and test model applicabil-
ty with more independent dataset from different cultivars, other
cological sites and growing conditions. It should be noted that
his study only dealt with leaf geometrical properties and mor-
hological changes in rice leaves. Further studies are needed to
uantify the spatial morphology of other organs and the change
attern of whole plant topology in rice. In addition, leaf growth in
ice is also affected by the nutrients phosphorus and potassium, so
he present model should be expanded to include the responses
o these nutrients to improve its applicability under diverse grow-
ng conditions. Themorphological model should be combinedwith
n existing rice growth model so that simulation of morphol-
gy and physiology is integrated, the mechanism of leaf growth
ynamics strengthened, and the reliability of the simulation system
mproved.
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Appendix A. The abbreviated variables and their
description as used in the present paper
Variable Description Unit
a Equation coefﬁcient –
a1 Equation coefﬁcient –
a2 Equation coefﬁcient –
ANCL Actual leaf-nitrogen content %
AWCL Actual leaf-water content %
B Equation coefﬁcient –
b1 Equation coefﬁcient –
b2 Equation coefﬁcient –
c1 Equation coefﬁcient –
c2 Equation coefﬁcient –
FLCV Change coefﬁcient of ﬁnal leaf length –
FN Effectiveness factor for nitrogen –
FW Effectiveness factor for water –
GDD Growing degree days ◦Cd
GDDn GDD required for completing normal growth of
leaf n
◦Cd
IGDDn Initial GDD when leaf n begins to grow ◦Cd
Kl Equation coefﬁcient 0.01
LA Leaf age –
La Equation coefﬁcient –
Lb Equation coefﬁcient –
LCV Change coefﬁcient of leaf length –
LLn Final length of fully expanded leaf n cm
LLn(GDD) Length of leaf n at GDD cm
LLen Length of leaf blade from tip to base cm
LN Final leaf number –
LWn Final width of leaf n cm
LWwp Leaf-water content when leaf begins to wilt %
LWidn(LLen) Final leaf width at LLen of leaf n cm
LWidn(LLn(GDD)) Leaf width at LLn(GDD) of leaf n cm
n Leaf position –
N Number of elongated internodes on main stem –
NLa Equation coefﬁcient –
Nlb Equation coefﬁcient –
Nlc Equation coefﬁcient –
ONCL Optimum leaf-nitrogen content %
OWCL Optimum leaf-water content %
P Equation coefﬁcient –
SELLn Final length of synchronously expanded leaf on
main stem
cm
Tb Base temperature for rice growth ◦C
Ti Average daily temperature ◦C
TLa Equation coefﬁcient –
TLmax Leaf order on tiller when the length of leaf on tiller
is equal to the length of the synchronously
expanded leaf on main stem
–
TLn Leaf order of tiller emergence –
TLLn Final length of synchronously expanded leaf on
tiller
cm
Wa Equation coefﬁcient –
Wb Equation coefﬁcient –
Wc Equation coefﬁcient –
Widthmax−n Maximum width of leaf n cm
Wla Equation coefﬁcient –
WLR Ratio of the ﬁnal width to its corresponding length
of the ﬁrst fully expanded leaf
–
WPa Equation coefﬁcient –
WPb Equation coefﬁcient –
WPc Equation coefﬁcient –
WPd Equation coefﬁcient –
WPe Equation coefﬁcient –
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